MGD,3 the most abundant lipid in the chloroplast (8). Small changes in the degree of unsaturation of MGD may cause a conversion from a lamellar to a nonlamellar configuration designated the hex,, type phase (20). The importance of the degree of unsaturation of the fatty acyl residues on the phase properties of MGD has been demonstrated by subjecting aqueous suspensions of lipids or membranes to different extents of catalytic hydrogenation (9). These studies have indicated that, depending on the temperature, an average reduction ofless than one double bond per lipid is sufficient to induce conversion from hex,, to lamellar phase. Furthermore, very slight changes in the degree of unsaturation were required to cause MGD to undergo a liquidto-gel phase transition at room temperature (9).
MGD,3 the most abundant lipid in the chloroplast (8) . Small changes in the degree of unsaturation of MGD may cause a conversion from a lamellar to a nonlamellar configuration designated the hex,, type phase (20) . The importance of the degree of unsaturation of the fatty acyl residues on the phase properties of MGD has been demonstrated by subjecting aqueous suspensions of lipids or membranes to different extents of catalytic hydrogenation (9) . These studies have indicated that, depending on the temperature, an average reduction ofless than one double bond per lipid is sufficient to induce conversion from hex,, to lamellar phase. Furthermore, very slight changes in the degree of unsaturation were required to cause MGD to undergo a liquidto-gel phase transition at room temperature (9) .
In an attempt to relate the in vitro studies on the role of acyl group unsaturation to the in vivo situation, the effects ofcatalytic hydrogenation on chloroplast membranes have been extensively examined (9, 12, 22, 29, 30) . This approach has provided evidence that large decreases in the proportion of trienoic acids do not lead to significant decreases in the rates of photosynthetic electron transport, but has not permitted an assessment of other possible functions, such as a role in membrane biogenesis, which cannot be assayed in vitro. This question has been approached by exploiting the fact that the growth of barley seedlings in sublethal concentrations of the herbicide SAN9785 results in seedlings with large decreases in the amount of C183 in leaf lipids (14) . Such treatment results in an increased ratio of granal to stromal lamellae and an altered ratio of PSII to PSI activity (13, 14) . However, because the herbicide causes a direct inhibition of photosynthetic electron transport (11) it has not been possible to attribute these effects to alterations in the amount of trienoic acids.
As a complementary approach to examining the role of trienoic acids on chloroplast structure and photosynthetic function we have employed thefadD mutant ofArabidopsis thaliana (L.) which has large reductions of both C8:3 and C16:3 acyl groups in all membrane lipids, and has concomitant increases in C18:2 and C16:2 (4). This mutant, which has no obvious phenotype, was isolated by randomly screening a population of plants by gas chromatographic analysis of leaf samples (3) . On the basis of detailed analysis of the lipid composition of this mutant it appears to be specifically deficient in an n-3 desaturase which 3Abbreviations: MGD, diacylgalactosylglycerol; Cx:y, a fatty acyl group containing X carbons with Y double bonds: DGD, diacyldigalactosyldiglycerol; PG, phosphatidylglycerol; SL, sulfoquinovosyldiacylglycerol (sulfolipid); fadD, symbol for a gene controlling activity of an n-3 desaturase; F0, initial fluorescence; F, variable fluorescence; Fm, maximum fluorescence; DPH, 1,6-diphenyl-1,3,5-hexatriene; fwt, fresh weight; LHCP, light-harvesting Chl-protein complex. 353 3MC R E APlant Physiol. Vol. 84, 1987 normally desaturates Ct8:2 and C 6:2 (4, 19 (31) and the extracts were dried under nitrogen. Fatty acid methyl esters were made from the dried samples by transesterification in hot methanolic-HCl and quantitated by gas chromatography and flame ionization detection (5) . Chl a/b ratios were measured in 80% acetone (16 Chl/fwt (mg g-')
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2.93 ± 0.08 stantiate this effect. However, the results in Fi the fact that there are no major deleterious e mutation, or any other background mutations the alteration in fatty acid composition with reduced Chl levels indicates that the two biochemical changes are due to the same mutation. Additional evidence ofthe link between fatty acid composition and Chl deficiency was indicated by a pronounced temperature effect on Chl levels in the mutant. The fadD mutation affects fatty acid composition at temperatures above about 20°C but has a relatively minor effect at lower temperatures (4) . Thus, the effect oftemperature on Chl content was tested by growing plants at 27°C to allow full expression of the fadD phenotype. Plants were then shifted to 19°C to allow recovery of normal trienoic acid levels. During this permissive period, the amount of Chl per unit of leaf area slowly increased to wild-type levels ( Fig. 2A) and the amount of trienoic acids began to approach wild-type levels (FIg. 2C) . By contrast, plants maintained at 27°C showed no change in fatty acid composition (Fig. 2D) or Chl per unit leaf area (Fig. 2B) during the same period. The observation that changes in both trienoic acid and Chl content are responsive to temperature provides an independent line of evidence that both are caused by the same mutation. 30 35 From the results presented in Table I it is apparent that the fadD mutation has a relatively minor effect on the Chl/lipid ratio (Table II) . These effects can be clearly seen in the ffects of the fadD electron micrographs presented in Figure 3 . In cross-sections of i on the growth of chloroplasts from the mutant, grana and stroma membranes the mutant line JBI()l. Since the JaaD mutation nas very uiue effect on lipid composition at temperatures less than about 20C (4), this experiment did not permit an assessment of the effect of reduced trienoic acid composition at temperatures below this threshold.
Effects of Trienoic Acid Composition on Chl and Lipid Content. When grown at 27°C the leaves of the mutant line JB1O1 were slightly lighter in color than those of the wild type due to a 15% reduction in Chl per unit fwt (Table I) . Since all Chl in higher plants is believed to be associated with thylakoid proteins (17) , a decrease in Chl content is indicative of a reduction in the amount of one or more of the Chl-protein complexes. The observation that the Chl a/b ratio is not significantly different between the mutant and wild type (Table I) suggests that the stoichiometry ofthe various Chl-protein complexes is not altered but that all Chl-protein complexes are reduced equally. In support of this, no significant differences were observed in the protein patterns in SDS-polyacrylamide gels of polypeptides extracted from chloroplasts from wild-type and mutant leaves (results not presented).
To determine if the reduction in Chl was related to the fadD mutation, 44 F2 plants from a cross of wild type x JB1O1 were tested for cosegregation of low trienoic acid and reduced Chl. Of the 10 plants which showed reductions in C183 and C16:3 levels, all had a 10 to 15 % reduction in the amount of Chl per unit fwt relative to the wild type. The 34 plants with normal or intermediate levels of trienoic acids had normal levels of Chl. Furthermore, all ofthe 10 segregants with reduced Chl content produced progeny with the same phenotype indicating that they were homozygous for the relevant mutation. The co-segregation of (Fig. 4) . By contrast, when grown at 27°C the mutant and wild type had an average of 57.9 ± 25 and 40.1 ± 15 chloroplasts per cell, respectively (Fig. 4) . The fact that chloroplast number varies disproportionately with temperature in the mutant and wild type establishes a common link between the effects of the fadD mutation on fatty acid composition and chloroplast number.
Membrane Fluidity. To estimate the effects of trienoic fatty acid composition on the fluidity of thylakoid membranes, fluorescence polarization measurements were carried out on freshly isolated thylakoids from mutant and wild-type leaves. The principle ofthe method is that the fluorophore DPH readily partitions into thylakoid membranes (1), and upon excitation with polarized light an appropriately oriented subset of DPH molecules reemit polarized light. The plane at which the polarized fluorescence is reemitted is dependent on the rotational diffusion of the probe during its excitation lifetime. If the probe does not move between excitation and emission, the fluorescence polarization value (P) will be maximal. The diffusive motion of the probe is in turn dependent on the viscosity of the membrane. Thus, the greater the fluidity of a membrane, the faster the rotational diffusion of the probe during its excitation lifetime and hence the lower the fluorescence polarization value.
The P values obtained for Arabidopsis thylakoids are very similar to those of other species (1) and, in general, indicate a highly fluid membrane (Fig. 5) (Table III) . Although the mutant showed a 20% reduction in C02-fixation rates when expressed on the basis of fwt (Table   III) it seems likely that this is due to the reduction of similar magnitude in the amount of chloroplast membranes per unit fwt.
In order to measure the effect of lipid composition on the light reactions catalyzed by isolated thylakoids, plants were grown at 27°C to ensure maximum reduction of trienoic acid content in the mutant, and then assayed at various temperatures. Wholechain electron transport rates were very similar in mutant and wild type at 6, 14, and 25°C (Table III) . There were also no major differences in the rates of PSI or PSII activity between mutant and wild type, indicating that the high levels of trienoic acids found in the wild type are not required to support maximal levels of these activities. The mutant actually had a slightly higher rate of PSI activity. This could reflect a small decrease in the amount of Chl associated with PSI due to the reduced amount of stromal thylakoid lamellae (Table II) . In any case the difference was not considered large enough to merit further investigation Fluorescence Measurements. Fluorescence emitted from chloroplast membranes excited with 440 nm light at 77°K can be resolved into three major peaks at 685, 695, and 734 nm (18) .
These peaks have been attributed to LHCP associated with PSII, PSIl reaction centers, and PSI, respectively (6) . Barley seedlings treated with sublethal doses of SAN9785 show large enhancements of low temperature fluorescence at 685 and 695 nm relative to 734 nm. This is thought to reflect an altered ratio of appressed to nonappressed membranes which was observed in electron micrographs of chloroplasts from treated seedlings (14) .
A comparison of the F6s5/F734 ratio in chloroplast membranes from the mutant and wild type did not reveal any change in PSII/PSI ratio in the presence or absence of MgCl2 (Table IV) .
The higher F685/F73 ratio in the presence of MgCl2 is due to a cation-dependent reorganization of protein complexes which causes an increase in energy distribution towards PSII. The fact that we did not observe any difference between the two genotypes under either condition implies that the Chl-protein complexes are structurally similar, that they are present in the same proportion as in the wild type, and that the efficiency of energy transfer between the major complexes is normal. This conclusion was substantiated by measuring variable fluorescence at room temperature in the mutant and wild type. Room temperature fluorescence is primarily emitted from PSII, and since it is a kinetic measure it is a sensitive indicator of the efficiency of light capture and of PSII photochemistry. However, the magnitude of the variable fluorescence (expressed as FVIFo) was indistinguishable between mutant and wild type in both the presence and absence of MgC12 (Table IV) . There was also no difference in the shape of the fluorescence induction curves obtained from mutant and wild type (results not presented). Thus, by these criteria, we were unable to observe a difference in the photochemistry of the mutant and wild type.
Effects of Trienoic Acid Composition on Protein Diffusion. It has been proposed that light harvesting antenna complexes can undergo reversible lateral diffiusion between appressed and nonappressed regions ofthylakoid membranes under the appropriate environmental conditions (27) . This phosphorylation-dependent process, which regulates the light energy delivered to the two photosystems, can be artificially induced in isolated thylakoids by the provision ofATP and light, and is thought to be controlled by a protein kinase (27) . Because phosporylation and subsequent movement of the antenna complexes from appressed to nonappressed regions of the chloroplast lamellae is a relatively slow process, it can be monitored by a change in the ratio of fluores- Analysis of low temperature fluorescence emi plast membranes following illumination in the p indicated that Arabidopsis has a mechanism, observed in other species, which leads to a r absorbed energy between the two photosystem; kinetics of the change in the F734/F685 ratio was able in mutant and wild-type samples (Fig. 6) . TI degree of unsaturation in the mutant did not a extent of thylakoid membrane reorganization to extent. This indicates, by an additional criterion tural changes in the chloroplast membranes of (21, 24) . Because ofthis separation of LHCP from (0) Arabidopsis.
the PSII core, excitation energy transfer is inhibited, causing reemission of the energy as fluorescence. In this respect, Chl 70K.
fluorescence may be considered an intrinsic probe of lipidission of chloro-protein interaction and an indicator of thermal stability of PSII presence of ATP Chl-protein complexes. The temperature at which enhanced similar to that fluorescence occurs may vary in response to environmental edistribution of acclimation and has been suggested to be affected by the coms. However, the position of the lipid matrix in which proteins are embedded (15, not distinguish-21, 29) . hus, the reduced
The effect of temperature on Chl fluorescence in intact leaves alter the rate or of mutant and wild type was measured by slowly heating de-) any significant tached leaves at a rate of 1°C min-' up to 550C and continuously L, that the struc-monitoring the level of fluorescence (Fig. 7) . There was no the mutant are significant difference in the temperature at which fluorescence 
DISCUSSION
On the basis of a detailed comparison of the lipid composition of the mutant and wild type we previously suggested that the mutant is specifically deficient in activity of a chloroplast-located n-3 desaturase (4). When plants are grown at 27C this results in an approximately 45% reduction in trienoic acid content of both chloroplast and extrachloroplast lipids and a corresponding increase in dienoic acids (4) . Since the mutation is maximally expressed when plants are grown at temperatures above 27C but is of minor effect in plants grown below 19°C, we consider it likely that the fadD mutation rendered the n-3 desaturase or a regulatory factor thermolabile. As noted below, this characteristic of the mutation was very useful in establishing that the altered fatty acid composition and reduced Chl content of the mutant were due to the same mutation.
The fadD mutation had no major effect on CO2 fixation, electron transport (Table III) , low temperature fluorescence, or room temperature fluorescence (Table IV) . Net CO2 fixation was reduced when expressed on a fwt basis but this probably reflects the reduction in chloroplast membranes since this difference was not apparent when rates were expressed on a Chl basis. These results complement studies in which trienoic acid content was reduced to varying degrees by catalytic hydrogenation of chloroplast membranes. Although there was some inhibition of electron transport due to the catalyst, there was no additional effect, relative to the nonhydrogenated control, when up to 40% of the lipids were fully saturated (22) . Thus, in agreement with these studies we conclude that at at least 50% of the trienoic acid content is not required for normal photosynthetic function in the range of light intensity and temperature used here.
Sublethal concentrations of SAN9785 have also been used to reduce trienoic acid content in barley seedlings (13, 14) . Since SAN9785 inhibits photosynthetic electron transport directly (1 1), there are significant technical problems associated with efforts to examine the effects of reduced trienoic acid content caused by sublethal concentrations of the herbicide on photosynthesis. Where this has been attempted (13) it was concluded that a trienoic/dienoic acid ratio of 2 was the threshold, below which photosynthesis was progressively disrupted. However, since the trienoic/dienoic acid ratio of the fadD mutant is reduced from 3.4 to 0.45 without any effect on electron transport we infer that the reduced photosynthetic activity in the SAN9785-treated material is not due to the altered lipid composition. Because of the association between lipid polyunsaturation and membrane fluidity (28) , it might be assumed that the high trienoic fatty acid content of thylakoids is important in maintaining an extremely fluid matrix for lateral movement of photosynthetic components. Indeed, as indicated by fluorescence polarization measurements, the chloroplast membranes from the fadD mutant were slightly less fluid than those of the wild type. However, since the rate of electron transport was not affected we infer that fluidity does not normally limit electron transport or the rate of membrane reorganization associated with the state I/ state II transition (27) .
Since thefadD mutation was not expressed at low temperature we could not assess the role of trienoic fatty acid composition on growth at low temperature. On the other hand, the slightly enhanced growth rate of the mutant relative to the wild type at elevated temperatures merits further study. The implication, that a reduction in the amount oftrienoic fatty acids enhanced growth at high temperature, is consistent with the conclusions from a study in which the degree of lipid unsaturation declined during acclimation of Nerium oleander to growth at high temperature (21) . However, in N. oleander the acclimation was also accompanied by an increase in the temperature at which Chl fluorescence was enhanced. We did not observe any difference between mutant and wild-type by this criterion. Since the magnitude of the changes in trienoic fatty acid composition in thefadD mutant were greater than those which accompanied acclimation in N. oleander (21) we infer that fatty acid composition is not the critical factor which determines the temperature at which enhanced Chl fluorescence occurs. Lynch and Thompson (15) have also failed to establish a correlation between gross fatty acid polyunsaturation and the thermal stability of the photosynthetic apparatus in cold-acclimated Dunaliella.
The effects of thefadD mutation on chloroplast ultrastructure were similar, though less pronounced, than those obtained by treatment of barley with sublethal amounts of SAN9785 (14) . In both cases the grana were wider than in the controls, with fewer thylakoids per granum and less granal membrane. The most striking effect of the fadD mutation was a 45% reduction in the cross-sectional area of chloroplasts and in the amount and distribution of lammelar membranes within the chloroplasts. Because volume is not linearly related to cross-sectional area, the amount of thylakoid membranes was not reduced proportionately to the reduction in chloroplast cross-sectional area. Also, because the number of chloroplasts was increased about 45% in the mutant, the amount of Chl per cell was reduced by only about 15%. It was not possible to measure the segregation of chloroplast size. However, since the decreased Chl content was expressed at 27°C but not at 19°C, and since chloroplast number was normal at 19°C but not at 270C, we infer that the reduced chloroplast size is due to thefadD mutation. Also, since Chl and trienoic fatty acid content co-segregated in an F2 population derived from a wild-type x JB 101 cross we believe that the fadD gene product regulates both phenomena. However, relatively minor effects on chloroplast size were observed in studies in which trienoic acid content of barley seedlings was decreased by Plant Physiol. Vol. 84, 1987 growth on SAN9785 (14) . Thus, it is not clear that it is the decrease in trienoic fatty acid composition per se which is responsible for the reduced chloroplast size.
There seem to be two distinct explanations for the co-regulation of trienoic fatty acid content and chloroplast size by the fadD mutation. First, we may suppose that there is no mechanistic connection between chloroplast size and lipid composition. The fadD gene product could be a factor which controls chloroplast size and also independently and specifically regulates the n-3 desaturase (since this is the only fatty acid desaturase affected). We find this less attractive than other possibilities since there seems to be no obvious link between the two effects. A simpler hypothesis is that the fadD gene product controls only the n-3 desaturase and that the amount of trienoic acid directly regulates chloroplast volume. The increased number of chloroplasts in the mutant implies that the chloroplasts are smaller because they divide more frequently. Since the mechanisms and physical forces responsible for determining chloroplast size and organization are entirely obscure, it is not currently possible to evaluate this possibility relative to other evidence concerning chloroplast morphogenesis. However, since changes in membrane fatty acid composition have been shown to dramatically alter erythrocyte morphology, there is a precedent for such a concept (7) . Studies of the effects ofSAN9785 on chloroplast morphology of A. thaliana and the characterization of additional mutants with reduced trienoic acid composition would be useful in further evaluating the relationship between chloroplast structure and trienoic acid content indicated by the properties of the fadD mutant.
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